CD and MCD spectra of bovine liver catalase and its derivatives were studied over the wavelength range from 250 to 500 nm. Native catalase showed a large negative CD peak in the Soret region which was comparable with that of other hemoproteins, except for methemoglobin and metmyoglobin. The Soret CD peak of the peroxide derivatives of catalase was similar to that of native catalase, while the Soret MCD peak of native catalase was smaller in magnitude than that of other hemoproteins. The MCD peak of the cyanide complex of catalase showed a magnitude about half that of methemoglobin and metmyoglobin.
metmyoglobin.
The Soret CD peak of the peroxide derivatives of catalase was similar to that of native catalase, while the Soret MCD peak of native catalase was smaller in magnitude than that of other hemoproteins. The MCD peak of the cyanide complex of catalase showed a magnitude about half that of methemoglobin and metmyoglobin.
The difference in the magnitude of the MCD peak among hemoproteins is thought to be caused by an endogeneous ligand other than iron-histidine interaction at the fifth coordination position.
The magnitude of the MCD peak of low-spin ferric derivatives in the Soret region was considerably larger than that of high-spin ferric derivatives.
Conversion of native catalase to the peroxide compound I caused only a small change in the MCD spectrum in the Soret re gion, while reduction of compound I to compound II was accompanied by a major change in the Soret MCD spectrum.
In the near ultraviolet region, CD and MCD spectra of native catalase and its derivatives did not exhibit any evidence of a heme-related peak, the magnitude of which was not altered by ligand substitution.
It is suggested that a heme iron-amino acid residue(s) interaction other than heme-histidine interaction is present. Peracetic acid, used as a pseudo-substrate, was synthesized from hydrogen peroxide and acetic anhydride by the method of Findley et al. (9) , and its concentration was determined by a combination of permanganate and iodometric titration (10) . Peracetic acid solution (7-9%) in acetic acid was used to prepare the peroxide compounds I and II of catalase.
All the chemicals used were of reagent grade. Analyses-The heme concentration of catalase solution was determined by the pyridine hemo chromogen method (11) . Catalytic activity was measured by the polarographic method in 0.01 M phosphate buffer (pH 7.0) (12) . Protein concen tration was estimated by Lowry's method (13) .
Absorption spectra were measured with a recording spectrophotometer (Shimadzu MPS-50).
CD and MCD spectra were measured with a JASCO J-20 spectropolarimeter. The CD intensity was calibrated using an aqueous solution of (+)-10-camphorsulfonic acid. All the CD and MCD measurements were performed at room temperature (about 24°C). The optical cells used were of 10 and 0.1 mm path length.
The samples, dissolved in 0.1 M phosphate buffer (pH 7.0), were filtered through a fine sintered glass filter immediately before use. The stability of enzyme derivatives during CD and MCD measurements was confirmed by recording their absorption spectra before and after each scan. The absorbance of protein solutions was always well below the critical limit of 2 at every wavelength.
In the visible region the CD data were expressed in terms of molar ellipticity on a heme basis, and in the ultraviolet region the data were expressed in terms of mean residue ellipticity using mean residue weight of 129 for catalase. The a-helical content was estimated by the method of Samejima and Kita (14) . The external magnetic field was 10,050 gauss and its direction was parallel to that of light beam propagation.
The MCD data were obtained from the difference in molar elliptic ity per unit of magnetic field between circular dichroism spectra observed under magnetic and non-magnetic conditions.
Preparation of Catalase Derivatives-Catalase -peroxide compounds: Prior to use, peracetic acid was diluted 100 times with 0.1 M phosphate buffer (pH 7.0) to make a roughly 0.08% solution.
Catalase-peroxide compounds were prepared in a cuvette by adding 0.05 or 0.03 ml of diluted peracetic acid solution.
The spectroscopic properties of the catalase-peracetic acid compounds were similar to those of the intermediate compounds of catalase with other peroxides (15) . The molar ratio of peracetic acid to catalase on a heme basis was from 5 to 7. The compounds I and II with peracetic acid were sufficiently stable to permit optical studies.
Other derivatives:
The cyanide, azide and fluoride derivatives of catalase were prepared by adding an appropriate amount of sodium salt to native catalase solution in 0.1 M phosphate buffer (pH 7.0) until the spectral change reached equilib rium after repeated additions.
The formation of the derivatives was confirmed by measuring absorp tion spectra in the visible wavelength range. RESULTS 
CD Spectra
in the Soret Region-Soret CD spectra of native catalase and its peroxide compounds I and II are shown in Fig. 1 . The magni tudes of CD bands of the compounds I and 11 were very similar to those of native catalase. The CD spectra of the catalase-inhibitor derivatives are essentially similar to those reported by Samejima and Kita (14) , as shown in Fig. 2 . The CD peak magnitude of catalase-azide compound was smaller than that of native catalase. It is known that the absorption band of the catalase-azide compound is very similar to that of native catalase.
The change in CD peak upon the binding of azide to catalase may be ascribed to a dissymmetric change of the heme environments or a secondary change due to attachment of the intrinsically dissymmetric azide molecule to the heme group.
The Soret CD peak of catalase-cyanide compound was less intense than that of native catalase.
Since the binding of cyanide to catalase greatly changes the Soret band, the Soret CD peak of the catalase-cyanide com-
pound cannot be interpreted unequivocally in the way proposed for the azide compound.
CD Spectra in the Ultraviolet Region-CD spectra of native catalase and its derivatives showed a large positive peak at 290 nm, originating from aromatic amino acid residues. The CD spectra of the peroxide compounds I and II in this region were unaltered. It seems that the heme chromophore contributes little to the CD spectra in the region from 250 to 300 rim, since the intensity of the CD peak does not change even when the ligand in the sixth coordination position is replaced. The CD peak of catalase-cyanide compound at about 260 nm was of slightly larger intensity than that of native catalase (14) , but this difference is not large enough to assess its significance. MCD Spectra in the Soret Region-MCD spectra in the Soret region of the catalase-peroxide compounds I and II and the catalase-inhibitor compounds are shown in Figs. 3 and 4 , respectively. According to Shashoua (16) , the low-spin state of heme iron of methemoglobin and its derivatives has a greater influence on the magnetic optical rotation spectrum in the a-absorption band region than the high-spin state.
A similar tendency was also observed in the Soret region of MCD spectra of catalase and its derivatives, as shown in Figs. 3 whereas the high-spin compounds, such as native catalase and catalase-fluoride compound, exhibited small MCD spectra. The catalase-azide compound showed rather a large MCD peak, similar to that of the catalase-cyanide compound in shape. The azide compound of catalase at room temperature is mostly in the high-spin state (17) . It is considered, therefore, that a small quantity of the catalase-azide compound with low-spin character influences the shape of the MCD spectrum.
The possibility that a dissymmetry is produced by attachment of the -, native catalase; ??, cyanide; ----, azide derivatives.
The MCD spectra of the fluoride derivative, and compounds I and II are almost identical with that of native catalase. azide molecule to the heme group requires consid eration, as in the case of the CD spectrum of the catalase-azide compound. In the azide derivatives of methemoglobin and metmyoglobin, analogous phenomena were observed (18, 19) . In the course of catalase reaction, the electronic configuration of the heme iron is greatly altered, because a major change of the MCD spectrum occurs, especially in the conversion of peroxide compound I to II (Fig.  5 ).
MCD Spectra in the Near Ultraviolet RegionThe MCD spectra of catalase and its derivatives exhibited a large positive peak, originating from tryptophan (20) , and an intense trough at around 270 nm, probably due to overlapping of negative peaks of aromatic amino acid residues.
There was only a slight difference in the negative peaks between native catalase and its derivatives, which did not appear to be significantly related to ligand sub-stitution.
It can be interpreted by supposing that the absence of heme components in the MCD spectrum at 270 nm reflects a heme-ligand interac tion other than heme-histidine interaction or that the contribution of the protein moiety of catalase is overwhelming compared to that of the heme group.
DISCUSSION
To interprete the CD spectra of hemoproteins, electronic transitions can be classified into three categories: (a) in the peptide backbone; (b) in aromatic amino acids; and (c) in the heme group. The last category can be further divided into two subcategories: porphyrin-protein interaction, and heme iron-ligand interaction.
The results obtained in this study can be explained mainly in terms of transition in the heme group.
Since the four nitrogen atoms of the porphyrin ring are electroni cally symmetric, heme itself has no optical activity affecting the CD spectrum.
However, a heme group incorporated into a protein moiety may well deviate from the symmetry, as a result of induced distortion caused by surrounding amino acid residues of the protein.
The induced dissymmetry then causes a strong optical activity affecting the CD spectrum of the heme group.
On the other hand, MCD is not sensitive to conformational change in the protein moiety but is highly dependent on the nature of internal and external ligands. Internal ligands include not only endogenous ligands of the protein moiety at the fifth and sixth coordina tion positions, but also nitrogenous ligands of the porphyrin ring from the first to fourth positions. The dissymmetry of heme environment and of ligand states, if any, must be reflected in changes in the magnitude and shape of CD and MCD spectra of catalase in the Soret region.
Therefore, we focused our attention mainly on the Soret region.
CD Spectra of Catalase and Its DerivativesCatalase showed a large negative CD peak in the Soret region, in contrast to methemoglobin, met myoglobin and horseradish peroxidase. The CD spectra of other hemoproteins, such as cytochrome b5, b-type cytochromes, b-555 and b-565, and probably cytochrome c peroxidase, have been reported to exhibit large negative peaks in the Soret region (21) (22) (23) .
The CD spectrum of methemal bumin, which appears in plasma under pathological conditions, showed a negative Soret CD peak with one-third of the magnitude of the negative peak of native catalase (24) . The hemoproteins exhibiting negative peaks in the Soret region may have similar heme environments. Among hemoproteins, cytochrome b, and methemalbumin have tryptophan at or around the heme pocket (21, 24) . It has not yet been elucidated however, whether or not the tryptophan residue is located in the heme pocket of catalase.
The negative CD peak of catalase in the Soret region is the largest among hemoproteins so far reported (21) (22) (23) . Theoretical calculations by Hsu and Woody (25) of the Cotton effect in the Soret region in myoglobin suggest that the CD effects are additive. If this is the case with catalase, more hydrophobic amino acid residue(s) may well be involved in the CD peak of catalase in the Soret region. It can be concluded from the CD data of catalase that the protein environment is compact, imposing constraints on the heme in such a way that the symmetrical structure of heme becomes rhombic upon incorporation of heme into the protein (26) . Namely, the orientation of aromatic amino acid residues is unaltered even if they are located, in the buried or unburied state, in the surroundings of the heme pocket (27). The CD bands in the far ultraviolet region are associatedd with the conformation of the peptide backbone structure.
The CD bands of catalase at 208 and 223 nm remain unchanged on conversion to the peroxide compound II via compound I. These intermediate compounds have the same secondary structure of the protein moiety as catalase as deter mined from the CD spectra.
The CD spectra in the Soret. near and far ultraviolet regions suggest that catalase has a compact structure in the interior of the molecule, with a relatively rigid structure around the heme group.
MCD Spectra of Catalase and Its DerivativesThe magnitude of the MCD spectrum of catalase in the Soret region is smaller than that of other hemoproteins.
The magnitude of MCD spectra of various hemoproteins can be compared provided that the same ligands are bound to iron at the fifth and sixth coordination positions. The MCD spectra of the cyanide derivatives of methemoglobin and metmyoglobin, possessing a histidine-iron cyanide arrangement, are of similar magnitude. The MCD peak of the cyanide derivative of catalase showed about half the magnitude of that of methe moglobin and methyoglobin.
It is, therefore, very likely that the protein ligand of catalase is not a histidine residue.
During the course of catalytic reaction, no conformational change in the heme environment occurs, whereas marked changes in the MCD spectrum were observed in this paper (Fig. 3) , in dicating that the electronic configuration of the heme is markedly changed.
As reported in the preceding papers on the peroxide compounds of metmyoglobin (18) and methemoglobin (19) , however, modification of the structure of the porphyrin ring by peroxide oxidation considerably influences the MCD peak in the Soret region. Since the Soret MCD peak is dependent on the nature of the ligands in all six coordination positions, the magnitude of the MCD peak varies with change of the porphyrin structure. The peroxide compounds I of catalase and peroxidase, possessing two equivalents of oxidizing power, are reduced by one-equivalent reduction to the respective compounds II, and then by another one-equivalent reduction to the ferric enzymes. A Mossbauer study of horseradish peroxidase indi cated that one oxidizing equivalent in the conversion from compound I to II is located on the porphyrin plane, and that one equivalent in the conversion from compound It to free enzyme is located at the heme iron (7). The MCD spectrum reflects the nature of endogenous ligands, including nitrogen atoms of the porphyrin ring and exogenous ligands. The MCD data of Fig. 3 
